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Abstract

Background.—Potassium channels play an important role in the basal tone and dilation of
cerebral resistance arterioles in response to many stimuli. However, the effect of prenatal alcohol
exposure (PAE) on specific potassium channel function remains unknown. The first goal of this
study was to determine the influence of PAE on reactivity of cerebral arterioles to activation of
Karp and BK channels. Our second goal was to determine whether oxidative stress contributed to
potassium channel dysfunction of cerebral arterioles following PAE.

Methods.—We fed Sprague-Dawley dams a liquid diet with or without alcohol (3% ethanol) for
the duration of their pregnancy (21-23 days). We examined /n vivo responses of cerebral arterioles
in control and PAE male and female offspring (14-16 weeks after birth) to activators of potassium
channels, (lloprost (BK channels) and pinacidil (Kagp channels)), before and following inhibition
of oxidative stress with apocynin.

Results.—We found that PAE impaired dilation of cerebral arterioles in response to activation

of potassium channels with iloprost and pinacidil, and this impairment was similar in male and
female rats. In addition, treatment with apocynin reversed the impaired vasodilation to iloprost and
pinacidil in PAE rats to levels observed in control rats. This effect of apocynin also was similar in
male and female rats.

Conclusions.—PAE induces dysfunction in the ability of specific potassium channels to dilate
cerebral arterioles which appears to be mediated by an increase in oxidative stress. We suggest
that these alterations in potassium channel function may contribute to the pathogenesis of cerebral
vascular abnormalities and/or behavioral/cognitive deficits observed in fetal alcohol spectrum
disorders.
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Introduction

Individuals exposed to alcohol prenatally manifest a group of conditions referred to as

fetal alcohol spectrum disorders (FASDs). FASDs are life-long disorders that may affect

as many as 1% to 5% of children (May et al., 2018). Prenatal alcohol exposure (PAE)

has been shown to produce growth abnormalities and damage to the heart, vasculature and
the brain (Jones et al., 1973; Riley et al., 2011; Daft et al., 1986; Bukiya and Dopico,

2018; Nakhoul et al., 2017; Ramadoss and Magness, 2012). PAE also promotes cognitive
decline, behavioral disorders, dementia, and seizures that can manifest in early childhood
and persist into adulthood (Guerri et al., 2009; Graham et al., 2013; Ware et al., 2013).

We have suggested that abnormalities of the brain observed during PAE may be related

to alterations in reactivity of cerebral arterioles in response to activation of important
vasodilator mechanisms, which in turn would affect the regulation of cerebral blood flow
during changes in metabolic demand (neurovascular coupling). In support of this concept,
we have shown that PAE impairs reactivity of cerebral arterioles to eNOS- and nNOS-
dependent agonists by mechanisms that appear to involve suppression of neuroinflammation
and/or oxidative stress (Cananzi and Mayhan, 2019b; Cananzi and Mayhan, 2019a; Saha et
al., 2021).

ATP-sensitive potassium channels (Kagp) and calcium-activated potassium channels (BK)
have been shown to be important in regulating basal tone and changes in diameter of
cerebral arteries/arterioles, and hence cerebral blood flow, in response to many stimuli
(Nnorom et al., 2014; Philip and Armstead, 2004; Lindauer et al., 2003; Brayden and
Nelson, 1992; Sobey et al., 1998; Horiuchi et al., 2001; Faraci and Heistad, 1998; Faraci et
al., 1994b). In addition, it appears that reactivity of cerebral arteries/arterioles in response
to activation of these potassium channels is altered during a variety of disease states (Dong
etal., 2009; Sun et al., 2008; Erdos et al., 2004a; Mayhan et al., 2004; Mayhan and Faraci,
1993; Faraci et al., 1994b). Unfortunately, there is a lack of information regarding the
influence of PAE on responses of cerebral arterioles to activation of potassium channels.
Thus, the first goal of the present study was to examine /in7 vivo responses of pial arterioles
to activation of Kap and BK channels in male and female rats exposed to prenatal alcohol.
The second goal of this study was to determine the role of oxidative stress in impaired
responses of cerebral arterioles to activation of Karp and BK channels during PAE.

Materials and Methods

All procedures are in accordance with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use
Committee at the University of South Dakota Sanford School of Medicine.

Experimental diets.

Virgin adult male and female Sprague-Dawley rats were allowed to mate. Dams were then
housed singly and assigned randomly to groups that were fed a control diet (0% alcohol)
or a 3% alcohol diet, as we have described previously (Zhao et al., 2010; Mayhan, 1992).
The control diet contained 1.0 kcal/ml of which 35% are derived from fat, 47% from
carbohydrates, and 18% from protein. The 3% alcohol diet contained 1.0 kcal/ml of which
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35% are derived from fat, 18% from protein, 29% from carbohydrates and 18% from
alcohol. The diets were prepared daily and the total daily volume of diet fed to the control
animals was based upon the daily consumption of diet by the alcohol animals. We have
shown that the alcohol diet results in a blood alcohol concentration (BAC) between 0.06%
and 0.07%, respectively (Cananzi and Mayhan, 2019b). The liquid diets fed to the dams
were replaced by a normal chow/water diet within a day of the birth of the pups. Rats were
cross-fostered and were weaned at 3 weeks of age and placed in cages with those of the
same sex. Both male and female rats were used for these experiments.

Measurement of cerebral vascular reactivity.

The rats were prepared for studies at 14-16 weeks of age and were obtained from

multiple different litters. On the day of the experiment, the rats were anesthetized with
thiobutabarbital sodium (Inactin, 100 mg/kg IP) and a tracheotomy was performed. The rats
were ventilated mechanically with room air and supplemental oxygen. A femoral artery was
cannulated for the measurement of arterial blood pressure and to obtain a blood sample for
the determination of blood gases.

In all studies, a craniotomy was prepared over the left parietal cortex to visualize the
cerebral microcirculation. The microcirculation was suffused with a bicarbonate buffer (2
ml/min) that was bubbled continuously with 95% nitrogen and 5% carbon dioxide. The
temperature of the suffusate was maintained at 37 + 1°C. The cranial window was connected
via a three-way valve to an infusion pump, which allowed for the infusion of agonists/
antagonists into the suffusate. This method maintained a constant temperature, pH, pCO»,
and pO, of the suffusate during the infusion of drugs. Arterial blood gases were monitored
and maintained within normal limits throughout the experimental period. The diameter

of arterioles was measured using a video image-shearing device before and at 1-minute
intervals for 5 minutes during the application of agonists. Baseline diameter of cerebral
arterioles returned to control levels (before application of agonists) within 2-3 minutes after
application of agonists was stopped.

Responses of cerebral arterioles in male and female rats from control and alcohol groups
were examined during superfusion of agonists that produce dilation via activation of Katp
channels (iloprost; 1 and 10 uM) and BK channels (pinacidil; 10 and 100 pM). To determine
the influence of oxidative stress on potassium channel-dependent dilation of cerebral
arterioles in adult male and female control rats and in PAE rats, we examined responses

to iloprost and pinacidil before and during superfusion with apocynin (1.0 uM). Although
controversial as to whether apocynin specifically inhibits NADPH oxidase (Heumuller et al.,
2008), previous studies have shown that apocynin is efficacious for inhibition of oxidative
stress (Cananzi and Mayhan, 2019a; Sun et al., 2006; Picchi et al., 2006). Thirty minutes
after starting the suffusion with apocynin and continuing for the duration of the experiment,
we again examined responses of cerebral arterioles to the agonists.

In separate studies, we examined responses of cerebral arterioles to iloprost or pinacidil
while treatment with iberiotoxin (0.1 uM) or glibenclamide (10 pM) to inhibit BK or Kagp
channels, respectively. In these studies, we initially examined responses to iloprost (n=5) or
pinacidil (n=4), started a continuous superfusion of iberiotoxin or glibenclamide over the
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cranial window, and then 30 minutes later again examined responses of cerebral arterioles to
iloprost or pinacidil.

We report the percentage change in diameter of cerebral arterioles during the application

of agonists. Analysis of variance (ANOVA) with Fisher’s least significant difference (LSD)
was used to compare responses of cerebral arterioles to the agonists, baseline diameter of
cerebral arterioles, blood pressure and body weight in male and female control and PAE rats.
A paired t-test was used to compare responses before and after treatment with iberiotoxin

or glibenclamide. Values are mean£SEM. A p-value of 0.05 or less was considered to be
significant.

Functional responses of pial arterioles.

Baseline diameter of cerebral arterioles was similar in all groups of rats (43£2 pm in male
control rats, 42+4 um in male PAE rats, 452 um in control female rats and 48+2 um

in female PAE rats (means£SE; p>0.05)). Mean arterial pressure was similar in groups of
rats (128+6 mmHg in male control rats, 131+5 mmHg in male PAE rats, 121+6 mmHg in
control female rats and 120+8 mmHg in female PAE rats (means+SE; p>0.05)). However,
body weight was greater in the groups of male rats (378+12 grams in male control rats and
394422 grams in male PAE rats) versus female rats (241+8 grams in female control rats and
23746 grams in female PAE rats (means+SE; p<0.05 male versus female).

Application of iloprost (Figure 1) and pinacidil (Figure 2) produced dose-related dilation
of cerebral arterioles by a similar magnitude in control rats of both sexes. In contrast, the
magnitude of dilation in PAE male and female rats in response to iloprost (Figure 1) and
pinacidil (Figure 2) was less than that observed in their respective controls.

To determine the role of activation of potassium channels by iloprost and pinacidil, we
examined responses of cerebral arterioles to iloprost in the presence of iberiotoxin (n=5) and
pinacidil in the presence of glibenclamide (n=4). We found that dilation of cerebral arterioles
to iloprost (0.1 and 1 uM) was 18+2% and 30+1%, respectively prior to superfusion

with iberiotoxin (0.01 pM) and 5+1% and 17+1%, respectively during superfusion with
iberiotoxin (p<0.05 versus response before iberiotoxin). In addition, we found that dilation
of cerebral arterioles to pinacidil (10 and 100 uM) was 12+1% and 20+0.5%, respectively
prior to superfusion with glibenclamide (10 uM) and 4+1% and 12+1%, respectively during
superfusion with glibenclamide (p<0.05 versus response before glibenclamide).

To determine the role of oxidative stress in impaired responses of cerebral arterioles to
activation of potassium channels in PAE male and female rats, we applied apocynin (1.0
UM) to the cerebral microcirculation for 30 minutes and continued for the duration of the
experiment. Topical application of apocynin did not affect baseline diameter of cerebral
arterioles in either control rats (males: 432 pum prior to versus 45+4 um during apocynin, p
> 0.05; females: 45+2 pm prior to versus 46+3 um during apocynin, p > 0.05) or in PAE rats
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(males: 42+4 um prior to versus 42+3 pm during apocynin, p > 0.05; females: 4943 ym prior
to versus 47+3 um during apocynin, p > 0.05).

Treatment with apocynin did not alter responses of cerebral arterioles to iloprost (Figure 3)
or pinacidil (Figure 4) in either control male or control female rats. In contrast, treatment
with apocynin increased responses of cerebral arterioles to iloprost (Figure 3) and pinacidil
(Figure 4) in male and female PAE rats towards that observed in their respective controls.

Discussion

In the present study we characterized Jin vivo reactivity of cerebral arterioles in response

to activation of potassium channels (Karp or BK channels) in rats exposed to alcohol
prenatally. There are two major findings from the present study. First, PAE impairs
responses of cerebral arterioles in male and female rats to activation of Karp and BK
channels. Second, impaired dilation of cerebral arterioles to activation of potassium channels
in male and female rats exposed to prenatal alcohol appears to be related to an increase

in oxidative stress. We suggest that our findings provide important information regarding
PAE-induced dysfunction of cerebral blood vessels in response to stimuli that may activate
critical potassium channels.

Influence of Katp channels on cerebral arterioles.

Karp channels have been identified in vascular smooth muscle, including that of cerebral
arteries and arterioles (Nelson et al., 1990; Standen et al., 1989; Nelson and Quayle, 1995;
Standen et al., 1989). Many studies have reported that activation of potassium channels

in response to a variety of agonists, including pinacidil, induce hyperpolarization and
dilation of cerebral arteries/arterioles (Faraci and Heistad, 1994; Mayhan and Faraci, 1993;
Faraci and Sobey, 1998; Wahl et al., 1994; Ksoll et al., 1991). Other studies have shown
that physiological stimuli (hypercapnia, hypotension, hypoxia) dilate cerebral arteries and
arterioles, in part, via activation of Karp channels (Nnorom et al., 2014; Lindauer et al.,
2003; Santa et al., 2003; Armstead, 1999a; Taguchi et al., 1994; Faraci et al., 1994a).

In addition, many studies have shown that dilation of cerebral arterioles in response to
activation of Kagp channels is altered during a variety of disease states and following
cerebral ischemia-reperfusion injury (Matsumoto et al., 2004; Erdos et al., 2004a; Erdos et
al., 2002; Bari et al., 1996; Pieper et al., 1997; Mayhan and Faraci, 1993). Thus, Karp
channels are active in cerebral arterioles, account for dilation of cerebral arterioles in
response to various agonists/physiological stimuli and are impaired during many disease
states. In the present study examined dilation of cerebral arterioles in response to activation
of Karp channels using pinacidil. To determine the role of pinacidil on Karp channels, we
examined responses of arterioles before and after treatment with glibenclamide, an inhibitor
of Karp channels. We found that glibenclamide significantly reduced, but did not abolish,
dilation of cerebral arterioles to pinacidil. This suggests that dilation of cerebral arterioles to
pinacidil is related to activation of KATP channels. The cellular pathway responsible for the
residual dilation to pinacidil is not clear from the present study.

The present study is the first to our knowledge to examine the functional role of Kap
channels in dilation of cerebral arterioles in male and female rats exposed to alcohol
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prenatally. We found that responses of cerebral arterioles to activation of Karp channels
with pinacidil were qualitatively similar in male and female rats. While PAE significantly
impaired responses of cerebral arterioles to pinacidil, this again did not differ between males
and females. Thus, sex does not appear to influence responses of cerebral arterioles to
activation of Kap channels. This is similar to that reported by others regarding responses of
cerebral arterioles to activation of KATP channels (Chrissobolis and Sobey, 2004). Further,
PAE-induced impairment to this important dilator pathway is not affected by either in utero
sexual differentiation or postnatal maturation.

Influence of BK channels on cerebral arterioles.

BK channels are activated by an increase in intracellular calcium and by depolarization of
vascular smooth muscle (Faraci and Sobey, 1998; Faraci and Heistad, 1998). Investigators
have shown that BK channels can influence basal tone of large and small cerebral arteries/
arterioles (Fujii et al., 1991; Sobey and Faraci, 1997; Horiuchi et al., 2001; Gokina et

al., 1996). In addition, many studies have shown that activation of BK channels plays

a significant role in dilation of cerebral blood vessels in response to various agonists/
physiological stimuli (Nnorom et al., 2014; Leffler et al., 2011; Vincent et al., 2005;
Gebremedhin et al., 1994; Armstead, 1999a). Further, similar to Karp channels, disease
states can alter responses of cerebral arterioles to activation of BK channels (Erdos et al.,
2002; Vetri et al., 2017; Dong et al., 2009).

In the present study, we used iloprost to examine the effects of activation of BK channels
on the reactivity of cerebral arterioles in control and PAE male and female rats. Although
iloprost has been shown to be a prostacyclin analogue (Wahl et al., 1989), several studies
have used iloprost to specifically activate BK channels in cerebral arteries (Erdos et al.,
2004b; Erdos et al., 2004a). In the present study, we found that treatment with iberiotoxin
significantly reduced, but did not abolish, dilation of cerebral arterioles in response to
iloprost. This suggests that dilation of cerebral arterioles to iloprost is related to activation
of BK channels. Similar to our findings with pinacidil, we found that responses of

cerebral arterioles to activation of BK channels with iloprost were similar in both sexes.

In addition, impaired responses of cerebral arterioles to iloprost following PAE were similar
in magnitude in male and female rats. Thus, as for Karp channels, sex does not appear to
influence responses of cerebral arterioles to activation of BK channels, and PAE produces
comparable impairment in BK channel regulation of cerebral arteriolar dilation in each sex.

Taken together, we suggest that the functional significance of impaired reactivity in response
to Katp and BK channels by PAE may be realized by contemplating the regulation of
cerebral vascular diameter, and hence cerebral blood flow, during many physiological
stimuli. First, acute increases in intravascular pressure will depolarize the smooth muscle

of cerebral arteries/arterioles which then leads to vasoconstriction. This myogenic response
is governed by voltage-gated calcium channels that allow calcium to enter vascular

smooth muscle. Increases in intracellular calcium also activate BK channels to produce
relaxation of vascular smooth muscle and thus dilation of cerebral arteries/arterioles.

Thus, activation of BK channels during increases in pressure may assist in maintaining
appropriate vasoconstrictor tone. Given that responses of cerebral arterioles to activation of
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BK channels are impaired by PAE, we suggest that this may have important implications
for the regulation of cerebral blood flow during changes in blood pressure. Second, studies
have shown that dilation of cerebral arterioles/changes in cerebral blood flow in response to
hypoxia, hypercapnia and cerebral ischemia may be related, in part, to activation of Kayp
and BK channels. Given that these vasodilator pathways are altered by PAE, we suggest
that the regulation of blood flow during changes in metabolic demand may be impaired in
individuals exposed to prenatal alcohol. This concept is supported by a previous study (Bake
et al., 2017) that found PAE adult mice exhibited a long-term loss of cerebral blood flow
following occlusion of the middle cerebral artery which was associated with a decrease in
post-stroke recovery. Thus, impaired responses of cerebral vessels to activation of Karp and
BK channels may have important implications for the regulation of cerebral blood flow in
PAE adults, especially during situations of increased metabolic demand.

Role of oxidative stress.

We and others have shown that PAE increases oxidative stress in many organ systems,
including the brain (Saha et al., 2021; Cananzi and Mayhan, 2019a; Cananzi and Mayhan,
2019b). We have shown that this increase in oxidative stress accounted for impaired
responses of cerebral arterioles to eNOS- and nNOS-dependent agonists (Saha et al., 2021;
Cananzi and Mayhan, 2019a; Cananzi and Mayhan, 2019b). Although no studies to our
knowledge have examined the role of an increase in oxidative stress in impaired potassium
channel function following PAE, there are studies that have suggested that oxidative stress
contributes to impaired K* channel function in large cerebral and coronary arteries (Erdos
et al., 2004a; Armstead, 1999b; Armstead, 2001; Li et al., 2004; Liu and Gutterman, 2002).
The mechanism by which an increase is oxidative stress influences potassium channel
function remains unknown. It has been suggested that an increase in oxidative stress may
inactivate calcium channels, leading to an increase in intracellular calcium, which might
reduce the open state probability of potassium channels (#19981} and thus impair potassium
channel function. In the present study, we found that acute treatment of the cerebral
microcirculation with apocynin reversed impaired responses to iloprost and pinacidil in male
and female PAE rats. In contrast, treatment with apocynin did not alter responses of cerebral
arterioles in male or female control rats. While many studies have suggested that apocynin
acts via inhibition of NADPH oxidase, this is not a universal finding (Heumuller et al.,
2008). Thus, the precise cellular mechanisms by which apocynin is inhibiting the influence
of oxidative stress on cerebral vascular function cannot be determined in this study.

In summary, we found that responses of cerebral arterioles to activation of Karp and BK
channels are similar in male and female control rats. In addition, we found that PAE
impaired responses of cerebral arterioles to activation of Karp and BK channels to a similar
degree in both sexes. Finally, we found that inhibition of oxidative stress with apocynin
could reverse impaired reactivity in male and female PAE rats, but apocynin did not affect
responses in control rats. We suggest that our findings have important implications for the
pathogenesis of behavior/cognitive dysfunction observed in adolescent and adult subjects
exposed to alcohol prenatally.
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Figure 1.
Responses of cerebral arterioles to activation of Karp channels with pinacidil in male and

female control and PAE rats. Values are meansSE. * p < 0.05 versus response in control
male or control female.
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Figure 2.
Responses of cerebral arterioles to activation of BK channels with iloprost in male and

female control and PAE rats. Values are meansSE. * p < 0.05 versus response in control
male or control female.
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Figure 3.

Responses of cerebral arterioles to activation of Karp channels with pinacidil in male and
female control and PAE rats before and following treatment with apocynin (100 uM). Values
are means=SE. * p < 0.05 versus response in control male or control female. ** p < 0.05
versus response prior to treatment with apocynin. Control data for male and female rats is
the same as that reported in Figure 1.
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Figure 4.
Responses of cerebral arterioles to activation of BK channels with iloprost in male and

female control and PAE rats before and following treatment with apocynin (100 uM). Values
are means=SE. * p < 0.05 versus response in control male or control female. ** p < 0.05
versus response prior to treatment with apocynin. Control data for male and female rats is
the same as that reported in Figure 2.
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